Hydroxylysine glycosylations are collagen-specific post-translational modifications essential 21 for maturation and homeostasis of fibrillar as well as non-fibrillar collagen molecules. Lysyl 22 hydroxylase 3 (LH3) is the only human enzyme capable of performing two chemically-23 distinct collagen glycosyltransferase reactions using the same catalytic site: inverting beta-24 1,O-galactosylation of hydroxylysines and retaining alpha-1,2-glycosylation of galactosyl 25 hydroxylysines. 26
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To further rationalize the implications of LH3 Val80 in GalT and GlcT activities, we 142 crystallized and solved the 3.0-Å resolution structure of the Val80Lys mutant in complex with 143 perfectly with wild-type LH3 for all domains (supplementary Fig S2) . The structure of the 146 LH3 Val80Lys mutant bound to Mn 2+ appeared identical to that of wild-type LH3. In both 147 structures, the glycoloop containing Val/Lys80 could not be modelled in the electron density 148 due to its high flexibility (supplementary Fig S2B) . On the other hand, the side chain of the 149 Val80Lys residue could be modelled unambiguously in the experimental electron density of 150 the UDP-donor substrate bound structure ( Fig 3A) . Despite the increased steric hindrance, the 151 mutated Lys80 residue adopted a conformation compatible with the simultaneous presence of 152 the UDP-Glc in the catalytic cavity. However, similar to what observed for wild-type LH3, 153 the glycan moiety of UDP-Glc was completely flexible and therefore not visible in the 154 electron density ( Fig 3A) . Collectively, these data are consistent with the alteration introduced 155 by the Val80Lys mutation, impacting partially on the LH3 glycosyltransferase catalytic 156 activities. 157
The glycoloop is a structural feature found exclusively in the GT domains of LH enzymes. It 158 incorporates Trp75, a residue whose aromatic side chain stabilizes the uridine moiety of the 159 donor substrate and, together with residue Tyr114 of the DxxD motif (a distinguishing feature 160 of LH3 GT domain, shared among LH enzymes, (Scietti et al, 2018)) "sandwiches" the donor 161 substrate in an aromatic stacking environment ( Fig 1A) . Both residues are critical for the LH3 162 GalT and GlcT enzymatic activities (Scietti et al, 2018) . The conformation adopted by the 163 LH3 glycoloop in the presence of UDP-donor substrates is however not accompanied by other 164 significant structural changes in surrounding amino acids, with the exception of minor 165 rearrangements of distant residue Trp92 (not conserved in other LH isoenzymes (Fig 1) ), 166 type (Fig 2, supplementary Table S1 ); the impact of the Trp92Ala mutation on reactions in 172 absence of acceptor substrate seemed to affect both activities at similar levels, with lower 173 residual GalT (30%) compared to GlcT (40%) (Fig 2, supplementary Table S1 ). These 174 findings suggest that LH3-specific long-range interactions in the GT domain may contribute 175 to the productive conformations of the glycoloop in donor substrate-bound states. 176
In UDP-sugar bound structures, the glycoloop contacts a poly-Asp sequence (Asp188-177 Asp191, Fig 1A) ; this sequence is partially conserved in LH isoforms lacking 178 glycosyltransferase activities ( Fig 1B) . Mutations of Asp190 and Asp191 were reported to 179 affect the glycosyltransferase enzymatic activities of LH3 (Wang et al, 2002b) . Based on LH3 180 crystal structures, such behaviour is expected, since residues Asp190 and Asp191 point 181 towards the GalT/GlcT catalytic cavity. Interestingly, superposition of LH3 molecular 182 structures with GT-A fold glycosyltransferases show that Asp191 caps the N-terminal end of 183 an α-helix in a highly conserved position, with functional relevance in both retaining (Flint et Table 1 ). We designed and generated individual alanine 186 mutants for both LH3 Asp190 and Asp191, and found that both variants were compatible with 187 folded and functional LH enzymes (supplementary Fig S1) . When tested for GalT and GlcT 188 activity, both these mutants caused severe impairment in activation of donor UDP-sugar (as 189 shown by the strong reduction in uncoupled activity to less than 5% using UDP-Glc as 190 substrate) as well as in transfer of the sugar moiety to the acceptor substrate (Fig 2, 9   supplementary Table S1 ). However, none of these mutations resulted in a complete inactive 192 LH3 GalT nor GlcT glycosyltransferase. Collectively, these data point towards an extended 193 involvement of the residues of the poly-Asp repeat, and in particular Asp190 and Asp191, in 194 both the positioning and recognition of donor or acceptor substrates. 195
196

LH3 shares features with both retaining and inverting glycosyltransferases 197
After investigating the amino acid residues involved in stabilization of the UDP moiety of 198 donor substrates, we focused on another group of residues within the GT catalytic pocket, 199 opposite to the putative position of the flexible sugar rings of the same substrates ( Fig 1A) . Table S1 ), without affecting other 211 enzyme's properties (supplementary Fig S1) . This supports previous hypotheses of a "gating" 212 role for Trp145 in the GT catalytic cavity, assisting the productive positioning of sugar 213 moieties of donor substrates for effective transfer during catalysis. Comparison with 214 molecular structures of other glycosyltransferases (including distant homologs) highlighted 10 structural elements of their fold in their catalytic cavities. Such structural arrangement is 217 reminiscent to that of Trp145 in LH3, but relies on completely different structural features of 218 the glycosyltransferase domain. In particular, similar aromatic residues were found in other 219 glycosyltransferases such as Tyr186 in LgtC from Neisseria meningitidis, Trp314 in the N-220 acetyllactosaminide α-1,3-galactosyl transferase GGTA1, Trp300 in the histo-blood group 221 ABO system transferase, and Trp243 and Phe245 in the two glucoronyltransferases B3GAT3 222 and B3GAT1, respectively (Table 1, supplementary Fig S3) . This supports 223 glycosyltransferases being highly versatile enzymes, displaying an impressive structural 224 plasticity to carry out reactions characterized by a very similar mechanism on a large variety 225 of specific donor and acceptor substrates. 226
Our previous structural comparisons of ligand-free and substrate-bound LH3 highlighted the 227 additional possibility of a concerted mechanism involving conformational changes of a non-228 conserved aromatic residue located on the LH3 surface (Trp148, Fig 1) , together with Trp145 229 (Scietti et al, 2018). To investigate such possibility, we mutated Trp148 into alanine. The 230 mutant enzyme was also found to behave like wild-type LH3 in folding and LH activity 231 (supplementary Fig S1) . Glycosyltransferase assays showed that this variant had reduced 232
GalT (30% residual) and GlcT (50% residual) activities compared to the wild-type, in 233 presence of both donor and acceptor substrates ( structures, we noticed that residues Gln192, Asn165 and Glu141 point towards the cavity that 249 accommodates the glycan moiety ( Fig 1A) . We generated Ala mutations of all these residues, 250 obtaining in all cases folded functional LH enzymes (supplementary Fig S1) . When probed 251
for GalT and GlcT activity, we found that both the Asn165Ala and the Gln192Ala mutants 252 were less efficient, but still capable, in activating UDP-donor substrates and performing sugar 253 transfer to acceptor substrates. Conversely, the Glu141Ala mutant was completely deprived of 254 both GalT and GlcT activities (Fig 2, supplementary Table S1 ). These data suggest Glu141 as 255 essential for catalysis and the surrounding negatively charged pocket composed of Asp190, 256 Asp191, Gln192, Asn165 comprising a broad network of amino acids which may concertedly 257 assist the LH3 glycosyltransferase activity. 258
Proximate to Glu141 in the GalT/GlcT cavity, residue Asn255 is the closest amino acid to the 259 UDP phosphate-sugar bond. Despite being fully conserved in LH isoforms ( Fig 1B) , this 260 residue is not found in any GT-A-type glycosyltransferases with known structures to date. 261
The side chain of Asn255 consistently points to a direction opposite to the donor substrate in 262 all LH3 structures ( Fig 3B, supplementary Fig S2B) . We wondered whether the side chain 263 amide group might be involved in catalysis, possibly through recognition of acceptor 264 substrates given the conformation displayed by this side chain. Surprisingly, LH3 Asn255Ala 265 mutants showed that their GalT activity was completely abolished, whereas the GlcT 266 enzymatic activity was reduced to 50% (Fig 2, supplementary Table S1 ); the protein was 267 properly folded and showed LH activity comparable to LH3 wild-type (supplementary Fig  268   S1 ). These results identify Asn255 as a possible critical discriminating residue for the two 269 glycosyltransferase activities of LH3, and rule out possible functions for this residue as 270 catalytic nucleophile for retaining-type glycosyltransferase mechanisms, given its major 271 impact restricted to the GalT catalytic activity. which is critical for shaping the GT cavity, although given its position it is unlikely to play 277 direct roles in catalysis. To better understand the impact of this pathogenic mutation on LH3 278 enzymatic activity, we generated a Pro270Leu mutant. In this case, due to very low 279 expression levels, we could not reliably carry out any in vitro investigations. Considering the 280 high reproducibility associated to recombinant production of a large variety of LH3 point 281 mutants, this result may indicate that this mutation is likely to severely impact the overall 282 enzyme stability rather than its enzymatic activity, resulting in extremely low protein 283 expression levels in vitro and likely also in vivo. 284 285
Molecular structures of LH3 in complex with UDP-sugar analogs provide insights on how 286
glycan moieties are processed inside the LH3 catalytic cavity 287 A frequent limitation associated to molecular characterizations of glycosyltransferases is the 288 high flexibility of the donor substrate glycan moiety within the catalytic cavity. Such 289 limitation becomes even more relevant when the enzyme is capable of processing UDP-sugar 290 molecules in absence of acceptor substrates, such as in the case of LH3. Considering our 291 13 previous (Scietti et al, 2018) and current co-crystallization results, we wondered whether free 292 UDP, the product of the enzymatic reaction, could remain bound in the LH3 GT domain with 293 the same efficiency as physiological donor substrates even after processing. We therefore 294 compared the binding of free UDP and donor UDP-sugars using DSF and detected a thermal 295 shift of 3.5 °C for free UDP, compared to a 2-2.5 °C shift using UDP-sugar substrates (Fig  296   4A ). These results suggested that free UDP may bind to LH3, likely with even higher affinity 297 than UDP-glycan substrates, and that the GalT and GlcT reactions may therefore be affected 298 by product inhibition. To our surprise, the increase in thermal stability did not correlate with 299 efficient trapping of the reaction product in LH3 molecular structures. Independently from the 300 UDP concentration used in co-crystallization and soaking experiments, we never observed 301 any electron density for free UDP, yielding LH3 structures completely identical to ligand-free 302 enzyme (supplementary Fig S4A) . biochemical studies could be found in the literature. We used DSF and luminescence-based 308
GalT and GlcT activity assays to investigate whether and how UDP-GlcA could affect LH3 309 enzymatic activity. DSF showed that UDP-GlcA indeed binds weakly to LH3, resulting in a 310 thermal shift of 1-1.5 °C (Fig 4A) , highlighting limited stabilization compared to UDP-glycan 311 substrates and free UDP. Enzymatic assays also confirmed the competitive inhibition 312 displayed by this molecule (Fig 4B) , with IC 50 values in the millimolar range (supplementary 313 Table S1 ). We also successfully co-crystallized and determined the 2.2-Å resolution crystal 314 structure of wild-type LH3 in complex with Mn 2+ and UDP-GlcA (supplementary Table 2 ), 315 and found that the inhibitor could efficiently replace UDP-sugar donor substrates in the 316 substrate cavity ( Fig 4C) . We observed additional electron density for the glucuronic acid 317 moiety of the inhibitor in the enzyme's catalytic cavity, however this density could not be 318 interpreted with a single inhibitor conformation. Nevertheless, analysis of the experimental 319 electron density for the glucuronic acid moiety unambiguously showed that the inhibitor 320 adopts a "bent" conformation: the glycan moiety is deeply buried in the enzyme's catalytic 321 cavity proximate to residues Lys89, Asp190, Asp191, but distant from the residues found 322 critical for catalysis, including Trp145, Asn255 and Glu141 (Fig 4C) , thereby leaving the 323 remaining space in the cavity for accommodating acceptor substrates. 324
Considering the possible conformations adopted by the glucuronic acid moiety based on 325 analysis of the electron density and the close proximity of the glucuronic acid moiety to LH3 326
Val80, we wondered whether the LH3 Val80Lys mutation could interfere with inhibitor 327 binding. We therefore co-crystallized and solved the 2.7-Å resolution structure of LH3 328
Val80Lys mutant in complex with UDP-GlcA (supplementary Table S2 ), and surprisingly 329 observed partial displacement of the glycoloop, for which we could not observe the typical 330 well defined electron density present in UDP-sugar-bound wild-type LH3 structures ( Fig 4D) . 331 At the same time, we could not observe improvements in the quality of the electron density 332 for the glucuronic acid moiety, resulting even poorer than what observed in wild-type LH3 333 ( Fig 4D) . This suggests that the intrinsic flexibility of the sugar-like moiety is not influenced 334 by specific conformations of the glycoloop, but rather by lack of specific protein-ligand 335 interactions that could provide stabilization of the sugar ring in a unique structural 336 arrangement. 337
The lack of a precise conformation for the glucuronic acid moiety observed crystal structures 338 prompted us for a further investigation of another UDP-sugar substrate analog, characterized 339 by lack of the carboxylic moiety of UDP-GlcA: UDP-Xylose (UDP-Xyl). Similar to UDP-structure of LH3 in complex with Mn 2+ and UDP-Xyl also showed the inhibitor bound inside 343 the enzyme's catalytic cavity, with weak electron density associated to the sugar moiety 344 suggesting multiple conformations of the xylose moiety attached to UDP, similar to what 345 observed for UDP-GlcA ( Fig 4E) . Taken together, these results suggest that the LH3 GT 346 binding cavity is capable of hosting a variety of UDP-sugar substrates, and that inhibition 347 likely depends on the reduced flexibility (and therefore increased stabilization) of the ligand 348 within the cavity. In this respect, we could expect that UDP-sugar analogs strongly interacting 349 with side chains proximate to the glycan moieties of UDP-GlcA and UDP-Xyl, may have the 350 potential to become powerful inhibitors of LH3 glycosyltransferase activities. 351
352
DISCUSSION 353
Glycosyltransferases are highly versatile, yet very specific enzymes. If carefully inspected, 354 they reveal a series of recurrent features that allow their comparative characterization even in 355 presence of very low sequence/structure conservation. LH3 has been known for long time as a 356 promiscuous enzyme able to exploit both an inverting and a retaining catalytic mechanism in 357 vitro for the specific transfer of different sugars to at least two different acceptor substrates: 358 the HyK and the GalHyK of collagens (Myllyharju & Kivirikko, 2004) . Our in vitro 359 investigations highlight multiple areas surrounding the glycosyltransferase catalytic site that 360 can be considered as critical "hot spots" for the LH3 GalT and GlcT activities: the glycoloop, 361 the poly-Asp helix, the acceptor substrate cavity, and the region proximate to the UDP-sugar 362 donor substrate ( Fig 1A) . 363 LH3 is the only isoform of its family found capable of glycosyltransferase activities, however 364 the strong sequence conservation among human LH isoforms cannot be used to elucidate the 365 key determinants for this additional function. The GT domain has features (such as the DxxD 16 motif, the poly-Asp region, the glycoloop) not found in other glycosyltransferases, yet highly 367 conserved within the LH family ( Fig 1B) . Computational homology models of homologous 368 Table 1 ) and our data indicate that both these carboxylate moieties are critical for efficient 390 donor substrate activation and sugar transfer. Although residues matching these positions 391 have been proposed to act as catalytic nucleophiles in retaining type GT-A (Flint et al, 2005;  points to a direction opposite to the donor substrate ( Fig 1A) . When inspecting the molecular 442 structures of other GT-A glycosyltransferases, we noticed that this residue is not conserved 443 (supplementary Fig 3) . On the contrary, this residue is fully conserved among human LH 444 isoforms ( Fig 1B) . Strikingly, the LH3 Asn255Ala mutant showed a complete loss of GalT Table 3 ) and cloned in a pCR8 vector, that was 476 used as a template for subsequent mutagenesis experiments. All LH3 mutants were generated 477 using the Phusion Site Directed Mutagenesis Kit (ThermoFisher Scientific). The entire 478 plasmid was amplified using phosphorylated primers. For all mutants the forward primer 479 introduced the mutation of interest (supplementary Table 3 ). The linear mutagenized plasmid 480 was phosphorylated prior to ligation. All plasmids were checked by Sanger sequencing prior 481 to cloning into the expression vector. 482 483
Recombinant protein expression and purification 484
Wild-type and mutant LH3 coding sequences were cloned into the pUPE.106.08 expression 485 vector (U-protein Express BV, The Netherlands) in frame with a 6xHis-tag followed by a 486
Tobacco Etch Virus (TEV) protease cleavage site. Suspension growing HEK293F cells (Life 487 Technologies, UK) were transfected at a confluence of 10 6 cells ml -1 , using 1 μg of plasmid 488 DNA and 3 μg of linear polyethyleneimine (PEI; Polysciences, Germany). Cells were 489 harvested 6 days after transfection by centrifuging the medium for 15 minutes at 1000 x g. 490
The clarified medium was filtered using a 0.2 mm syringe filter and the pH was adjusted to 491 8.0 prior to affinity purification as previously described (Scietti et al, 2018) . All proteins were 492 isolated from the medium exploiting the affinity of the 6xHis tag for the HisTrap Excel (GE 493 
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